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Keypoints:
• We show how superthermal electron fluxes and crustal magnetic fields affect ion densities in the nightside ionosphere of Mars.
• High electron fluxes increase nightside CO 
Introduction
In the nightside ionosphere of Mars, electron densities are patchy, variable, and controlled largely by the strength and topology of crustal magnetic fields. Observed peak electron densities vary between 10 3 and 5 × 10 4 cm −3 , but are often too small (<5 ×10 3 cm −3 ) to be detected by remote sensing instruments [Zhang et al., 1990; Němec et al., 2010 Němec et al., , 2011 Withers et al., 2012; Diéval et al., 2014; Fowler et al., 2015] . The largest peak densities are found near vertical crustal fields, which form cusps that allow superthermal electrons to precipitate into the atmosphere. In contrast, smaller peak densities are found near horizontal crustal fields, which prevent superthermal electrons from precipitating into the atmosphere [Mitchell et al., 2001; Brain et al., 2007; Safaeinili et al., 2007; Gurnett et al., 2008; Němec et al., 2010 Němec et al., , 2011 Dubinin et al., 2016; Lillis and Brain, 2013; Shane et al., 2016] . These findings have led to the conclusion that electron impact ionization plays an important role in forming the nightside ionosphere of Mars.
This conclusion has been supported by electron precipitation models, which predict peak electron densities and peak altitudes (120-180 km) that are consistent with nightside observations [Haider et al., 1992; Fillingim et al., 2007 Fillingim et al., , 2010 Lillis et al., 2009 Lillis et al., , 2011 , and shown that the strength and topology of crustal fields control electron impact ionization rates [Lillis and Fang, 2015] . Precipitation models also predict that electron impact ionization will affect the chemical composition of the nightside ionosphere Haider , 1997; Haider et al., 2013] . This, however, has not been confirmed by observations because nightside data has historically been limited to measurements of the electron density and total electron content [e.g., Zhang et al., 1990; Withers et al., 2012;  c ⃝2017 American Geophysical Union. All Rights Reserved. Dubinin et al., 2016] . With new data from the Mars Atmosphere and Volatile EvolutioN (MAVEN) mission [Jakosky et al., 2015a, b] Benna et al., 2015a, b] ; the MAVEN magnetometer (MAG) provides measurements of the vector magnetic field [Connerney et al., 2015a, b] ; and the Solar Wind Electron Analyzer (SWEA) provides measurements of omni-directional electron fluxes at logarithmically-spaced energies between 3 and 4600 eV . For NGIMS and MAG, we use the key parameter (KP) data products which have a 4-second time resolution. For SWEA, we use the Level 2 data products after interpolating them onto the same 4-second time grid as the NGIMS and MAG KP data. showed no major differences. We therefore make no distinction between the dawn and dusk data in our analysis. [Nier and McElroy, 1977; Mahaffy et al., 2015b] .
Data Distribution
The right column in Fig. 2 shows a periapsis pass in a strong crustal field region where the field strength exceeded 600 nT near periapsis. During this pass there were no extended periods of high SWEA electron fluxes in the strong crustal field region (at SZAs >114
• and E. longitudes > 140 • ). Instead, there were narrow spikes of high electron flux confined to magnetic cusps where the field was predominately radial. These narrow spikes also coincided with sharp increases in the NGIMS ion densities.
Comparing the ion densities from the two passes (bottom two panels) shows that the CO + 2 , O + , and O + 2 densities were smaller during the second pass when electron fluxes were lower. This suggests that ions densities near strong crustal fields are smaller because they decay without being replenished by electron impact ionization. We will further analyze the effects of crustal fields in Section 3.4, but first we use the full data set to show how ion densities depend on superthermal electron fluxes.
Ion Densities as a Function of the Electron Flux
Although a direct calculation of the electron impact and chemical production rates
, and NO + would be beneficial, it is out of the scope of this paper.
Calculating the ion production rates requires measurements of the CO 2 , O, N, and NO neutral densities. NGIMS measurements of CO 2 and O, however, are only calibrated for the inbound portion of each periapsis pass and NGIMS measurements of N and NO are not yet calibrated. Since the neutral densities are unavailable, a detailed modeling study of electron impact ionization is reserved for a future study. Instead, we focus on analyzing the observations.
To show how nightside ion densities vary with the electron flux, we seek a metric that collapses the electron energy spectra into a single number. To obtain this metric we summed the SWEA electron energy spectra at each time over all energies greater than 13.6 eV, which is close to the ionization potentials of both CO 2 (13.77 eV) and O (13.62 eV) [Schunk and Nagy, 2009] . We call this metric the "ionizing electron flux" because it is a proxy for the total electron flux that can ionize CO 2 and O. Figure 3 shows the CO which is the most abundant neutral in the thermosphere [Haider , 1997; Fillingim et al., 2007] . For O + , the strong dependence is due to electron impact ionization of atomic oxygen as well as the reaction CO [Fox , 1993; Bougher et al., 2015; Mahaffy et al., 2015b] . Instead, these ions are produced by ion-neutral reactions that convert CO 
Vertical Structure
To show how electron impact ionization affects the vertical structure of nightside ionosphere, we have constructed median ion altitude profiles during times of "low" and "high" ionizing electron flux. We chose the cutoff between low and high ionizing electron flux to be 10 6 eV/cm 2 /s/sr based on visual inspection of the data (see Fig. 3 ). After grouping c ⃝2017 American Geophysical Union. All Rights Reserved.
the ion densities by low and high ionizing electron flux, we separated the ion densities into 7 km altitude bins and found the median density within each bin. The median altitude profiles are shown in Figure 4 .
As Figure 4 shows, the effects of electron impact ionization are most significant at altitudes below 200 km where precipitating electrons deposit most of their energy Fillingim et al., 2007; Lillis et al., 2009 Lillis et al., , 2011 Haider et al., 2013] . In particular, the CO with predictions of electron precipitation models Haider , 1997; Fillingim et al., 2007; Lillis et al., 2009 Lillis et al., , 2011 Haider et al., 2013] . It should be noted, however, that a detailed comparison between the observed and predicted peak altitudes cannot be performed because the underlying neutral atmospheres used in the models, which are all different, may also be different than the underlying neutral atmosphere during the MAVEN observations. Nevertheless, the CO Both NO + profiles lack a peak, and the NO + density increases with decreasing altitude down to at least 130 km. The NO + peak must be below 130 km, which is lower than the periapsis of MAVEN and thus cannot be observed by the NGIMS instrument. The weak dependence of NO + on the electron flux is, once again, a consequence of its long chemical
lifetime, which is several hours at night [Girazian et al., 2017] . With such a long chemical lifetime, NO + densities rarely decay to small values, so increases in the electron impact ionization rate only cause modest increases in the NO + density. Figure 5A shows the ionizing electron flux at 160 km as a function of magnetic field strength and magnetic elevation angle. The elevation angle is defined as -sin
Influence of Crustal Magnetic Fields
where B r is the radial component of the field and -B-is the magnitude of the field.
An elevation angle of 0 • indicates a strictly horizontal field orientation while an elevation angle of 90
• indicates a strictly radial field orientation (cusp).
In weak crustal field regions (< 40 nT) the ionizing electron flux varies by several orders of magnitude and has a somewhat bifurcated distribution such that the flux is either low (∼10 5 eV/cm 2 /s/sr) or high (>10 7 eV/cm 2 /s/sr). Alternatively, in strong crustal field regions the ionizing electron flux is almost always low, rarely exceeding 10 6 eV/cm 2 /s/sr. This is the effect of strong horizontal crustal fields shielding the atmosphere from precipitating electrons [Lillis and Brain, 2013] . There are a few instances when the ionizing electron flux is high in strong crustal field regions, but these only occur when the magnetic field has a significant radial component such that the magnetic elevation angle is greater than 45
• . These field lines can connect to the solar wind allowing for electrons to precipitate into the nightside thermosphere [Mitchell et al., 2001; Brain et al., 2007; Lillis and Brain, 2013] .
To illustrate how nightside ion densities are influenced by crustal magnetic fields, For magnetic field strengths less than 100 nT, the median CO The NO + (Panel E) density is only weakly dependent on the magnetic field strength.
Because of this weak dependence, NO + becomes relatively more abundant in regions of strong crustal field. This is highlighted in Fig. 5F , which shows that the NO + /O + 2 ratio increases with increasing magnetic field strength. For magnetic field strengths less than 100 nT, the median NO + /O + 2 ratio is ∼0.29, which is typical for the nightside ionosphere [Girazian et al., 2017] . For magnetic field strengths greater than 100 nT, the median into NO + through ion-neutral reactions with N and NO [Haider , 1997; González-Galindo et al., 2013] , the NO + /O + 2 ratio increases over time, causing closed crustal field regions to have a higher fraction of NO + than surrounding areas.
Discussion and Conclusions
We have used MAVEN observations to show how ion densities in the nightside iono- are consistent with predictions of electron precipitation models Haider , 1997; Fillingim et al., 2007 Fillingim et al., , 2010 Lillis et al., 2009 Lillis et al., , 2011 Haider et al., 2013] . The NO + profile, however, lacks a distinct peak, even when electron fluxes are high. This is in stark c ⃝2017 American Geophysical Union. All Rights Reserved.
contrast to electron precipitation models, which predict an NO + peak between 120-200 km Haider , 1997; Haider et al., 2013] . The NO + peak must be below the periapsis of MAVEN where it cannot be observed in situ by the NGIMS instrument.
We have also shown that nightside ion densities are smaller near strong, horizontal crustal magnetic fields. These fields, which often form closed loops, act as an obstacle that prevents precipitating electrons from penetrating deep into the atmosphere [Mitchell et al., 2001; Brain et al., 2007; Lillis and Brain, 2013; Steckiewicz et al., 2017] . Ions within these closed field regions decay without being replenished by electron impact ionization, which results in smaller ion densities. Additionally, because O + 2 partially decays into NO + through ion-neutral reactions with N and NO, the NO + /O + 2 ratio is larger near strong, horizontal crustal fields. This ratio can even exceed unity at an altitude of 160 km so that NO + is the most abundant ion. These results complement previous studies which have found that the electron density and total electron content have a similar dependence on the strength and orientation of crustal magnetic fields [Safaeinili et al., 2007; Gurnett et al., 2008; Němec et al., 2010 Němec et al., , 2011 Diéval et al., 2014; Dubinin et al., 2016] .
Although electron impact ionization is undoubtedly an important source of the nightside ionosphere, transport of ions from the dayside is also thought to be an important source near the terminator [Cui et al., 2009; González-Galindo et al., 2013; Chaufray et al., 2014; Ma et al., 2015] . Our results suggest that, when superthermal electrons are present, electron impact ionization is a significant source of CO and Brain, 2013; Diéval et al., 2014] , which suggests that the solar wind dynamic pressure, and the orientation of the interplanetary magnetic field, will have a direct influence on the vertical structure and chemical composition of the nightside ionosphere of Mars. c ⃝2017 American Geophysical Union. All Rights Reserved.
